We present initial work about attaining tting formulas for the quick determination of the existence of S-type and P-type habitable zones in binary systems. Following previous work, we calculate the limits of the climatological habitable zone in binary systems (which sensitively depend on the system parameters) based on a joint constraint encompassing planetary orbital stability and a habitable region for a possible system planet. We also consider updated results on planetary climate models previously obtained by Kopparapu and collaborators. Fitting equations based on our work are presented for selected cases.
Introduction
Since the rst con rmed detection of exoplanets in 1992, more than 3500 exoplanets have been found, with the 1000th detection by the Kepler mission announced 1 by NASA on January 6th, 2015. With the number of discoveries skyrocketing, it is adequate to continue studying exoplanets, as well as searching for exomoons, besides identifying habitable zones (HZs).
It is also well-known that binary (as well as higher order) systems occur frequently in the local Galactic neighborhood (e.g., Duquennoy & Mayor 1991, and subsequent studies) . Observations show that exoplanets can also exist in binary systems, and might also be orbitally stable for millions or billions of years. There are two types of possible orbits (e.g., Dvorak 1982) : planets orbiting one of the binary components are said to be in S-type orbits, while planets orbiting both binary components are said to be in P-type orbits. For example, Kepler-413 b (Kostov et al. 2014 ) is in a P-type orbit, indicating that the planet is orbiting both stellar components of the binary system. Kepler-453 b (Welsh et al. 2015 ) also constitutes a transiting circumbinary planet. Planetary S-type orbits have more con rmed detections, such as Kepler-432 b (Oritz et al. 2015) . Some of these planets are located within the stellar HZs, as, for example, Kepler-62 f (Borucki et al. 2013) ; those cases typically receive signi cant attention due to their potential of hosting alien life.
In previous studies, focusing on habitable zones in stellar binary systems, presented by Cuntz (2014 Cuntz ( , 2015 , denoted as Paper I and II, respectively, henceforth, a joint constraint of radiative habitable zones (RHZs, based on stellar radiation) and orbital stability was considered. Moreover, Paper II also takes into account the eccentricity of binary components. RHZs, including conservative, general and extended habitable zones (therefore referred to as CHZ, GHZ, and EHZ, respectively), are de ned in the same way as for the solar system (see Section 2.1).
Our paper is structured as follows. In Section 2, we brie y describe the theoretical approach for the calculation of HZs adopted from Paper I and II; however, our work also takes into account revised HZ limits for the Solar System from updated climate models. In Section 3, we present some case studies with tting equations for identifying the existence of HZs. Our summary will be given in Section 4.
Theoretical Approach

Habitability limits
In Paper I and II, habitable zones have been de ned based on habitability limits for the Solar System from previous studies by Kasting et al. (1993) [Kas93] and Mischna et al. (2000) . Thereafter, Kopparapu et al. (2013 Kopparapu et al. ( , 2014 [Kop1314] presented updated results on habitability limits by introducing new climate models. Table 1 conveys the meaning of each habitability limit. In this paper, we consider results for two types of RHZs: GHZ and RVEM. The GHZ is the region between the habitability limits of runaway greenhouse effect and maximum greenhouse e ect (without clouds). The RVEM, explicitly, has the recent Venus position as inner limit and the early Mars position as outer limit.
Calculation of the HZs
In order to achieve the same condition as in Solar System on behave of radiation, the planet should receive the same amount of radiative energy uxes from both binary stellar components in total. Thus the equation for calculating RHZs (see Paper I) yields
with L 1 and L 2 denoting the stellar luminosities, d 1 and d 2 denoting the distances to the binary components (see Figure  1 ) and s l being one of the solar habitability limits (see Table  1 ). S rel , as a function of e ective temperature of binary stars, represents stellar ux in units of solar constant. Because d 1 
Figure 1: Mathematical models of S-type (top) and P-type (bottom) habitable zones for binary systems. It is not required to have the stars S1 and S2 being identical in this method (adopted from Paper I and II).
The RHZ, as an annulus around each star (S-type) or both stars (P-type), is therefore given as
If a planet is assumed to stay in the HZ for a long period of time, it is mandated that it has a stable orbit. The planetary orbital stability limit is an upper limit as the distance from the main star for S-type orbit. For P-type orbit, it becomes a lower limit which is measured from the center of the binary system. The orbital stability limits are obtained from the tting equations developed by Holman & Wiegert (1999) ; see Paper II for details. Moreover, according to the terminology of Paper I, ST-type and PT-type HZs denote the cases when the HZs are smaller than the corresponding RHZs due to truncation owing to the orbital stability limits, while S-type and P-type HZs refer to the cases where the HZs coincide with the RHZs. 3 Case Study
Existence of HZs
Following the method as dicussed, various sets of systems, including systems of equal and non-equal masses, have been studied to examine their HZs. The stellar parameters can be found in Table 2 . Figure 3 shows the requirements for the GHZ and RVEM to exist for selected binary systems, i.e., systems with masses
For systems with masses M 1 = M 2 = 0.50 M , in case of e b = 0, 2a is required to be smaller than 0.44 AU for the P/PT-type GHZ to exist and smaller than 0.48 AU for the P/PT-type RVEM to exist. Regarding S/ST-type HZs, 2a needs to be larger than 1.59 AU and larger than 1.25 AU for the GHZ and RVEM to exist, respectively.
Keeping e b = 0, the other equal-mass system considered in our study with M 1 = M 2 = 1.00 M , requires 2a to be smaller than 2.03 AU and smaller than 2.14 AU for the GHZ and RVEM to exist, respectively, regarding P/PT-type HZs. For S/ST-type cases, 2a needs to be larger than 7.76 AU and larger than 6.12 AU, respectively, for the GHZ and RVEM to exist.
Non-equal mass cases, which generally are more signicant, have also been investigated in this study. In systems with M 1 = 1.00 M , M 2 = 0.50 M , 2a is required to be smaller than 0.95 AU and smaller than 1.29 AU for the P/PT-type GHZ and RVEM, respectively, in case of e b = 0. Furthermore, 2a needs to be larger than 6.45 AU and larger than 5.09 AU for the S/ST-type GHZ and RVEM, respectively.
Moreover, we also considered systems with M 1 = 1.25 M and M 2 = 0.50 M . The case of e b = 0 requires 2a to be smaller than 1.12 AU and smaller than 1.56 AU for the GHZ and RVEM, respectively, in case of P/PT-type HZs. Regarding S/ST-type HZs, 2a is required to be larger than 7.96 AU for GHZ and 6.24 AU for RVEM.
If larger eccentricities are considered, the sizes of the P/PT HZs are barely a ected, whereas the sizes of the S/ST HZs are signi cantly reduced. This behavior is found for all four stellar mass combinations and for both types of HZs.
Initial work on tting equations for determinating the existence of HZs
In the previous section, we present the requirements for HZs to exist (see Figure 3) . The curves consist of pairs of critical values of 2a and e b and form regions for each gure that indicate the existence of the corresponding HZ. In this section, we present the tting equations of these 2a versus e b curves allowing the e cient determination of the existence of each HZ. Linear least square method has been used for the development of each tting equation. Moreover, the coecient of determination (R 2 ) is used to check the goodness of tting. For P/PT-type cases, the equation reads
The equation for S/ST-type yields
The coe cients of systems discussed in the previous section are given in Table 3 -6, as well as coe cients of determination. Fitting results are plotted and compared with the data in Figure 4 . As all the coe cient of determination are close to 1, the tting results should thus be very close to the data. In Figure  4 , tting results plotted as well as the data for comparison. Some of them are virtually indistinguishable from the data. Table 7 shows the precent errors of a few selected data points for M 1 = M 2 = 1.00 M and M 1 = 1.00 M , M 2 = 0.50 M cases.
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Summary
In this study, we explore the requirements for HZs to exist for selected examples of binary systems based on the method given in Paper I and II with updated results for terrestrial climate models obtained by Kopparapu et al. (2013 Kopparapu et al. ( , 2014 . Thus, we developed tting equations to e ciently determine the existence of HZs. Utilizing the tting equations allows us to identify if the respective HZs is able to exist without the need for cumbersome calculations. Future work will deal with improving the tting equations for enhanced accuracy. We also plan to have M 1 and M 2 as parameters in the tting equations instead of being xed values as for now. This will make the tting equation more useful and applicable. Figure 4 : Fitting results compared with data for four cases. The red and green lines represent the boundaries for the GHZ and the RVEM to exist, respectively. In each sub gure, the areas beyond the red and green curves (top) identify the existence of the S/ST-type HZs, whereas the areas below the red and green curves (bottom) identify the existence of the P/PT-type HZs. The thin black curves shown are the tting results for the curve nearby, and they are mostly indistinguishable from the data curves.
